Parkinson's disease (PD) is the most common neurodegenerative movement disorder and is characterized by the loss of neurons in the substantia nigra that project to the striatum and release dopamine (DA), which is required for normal movement. Common non-motor symptoms likely involve abnormalities with other neurotransmitters, such as serotonin, norepinephrine, acetylcholine, glycine, glutamate and gamma-aminobutyric acid (GABA). As part of a broad effort to provide better PD research tools, the Michael J. Fox Foundation for Parkinson's Research funded the generation and characterization of knockout (KO) rats for genes with PDlinked mutations, including PINK1, Parkin, DJ-1 and LRRK2. Here we extend the phenotypic characterization of these lines of KO rats to include in vivo microdialysis to measure both basal and potassium-induced release of the above neurotransmitters and their metabolites in the striatum of awake and freely moving rats at ages 4, 8 and 12 months compared to wild-type (WT) rats. We found age-dependent abnormalities in basal DA, glutamate and acetylcholine in PINK1 KO rats and age-dependent abnormalities in basal DA metabolites in Parkin and LRRK2 KO rats. Parkin KO rats had increased glycine release while DJ-1 KO rats had decreased glutamate release and increased acetylcholine release compared to WT rats. All lines except DJ-1 KO rats showed age-dependent changes in release of one or more neurotransmitters. Our data suggest these rats may be useful for studies of PD-related synaptic dysfunction and neurotransmitter dynamics as well as studies of the normal and pathogenic functions of these genes with PD-linked mutations.
Introduction
Parkinson's disease (PD) is the most common neurodegenerative movement disorder. Clinically, PD is defined by slowness of movement, rigidity, postural instability, gait abnormalities, and tremor. The motor symptoms are predominantly due to the loss of neurons in the substantia nigra pars compacta that project to the striatum and release dopamine (DA), which is required for normal movement. Symptoms typically emerge gradually and, in all cases, increase in severity over the course of many years. In addition to prominent motor symptoms, many non-motor PD symptoms are common, including gastrointestinal or genito-urinary autonomic dysfunction, sleep disorders, reduced (hyposmia) or complete loss of smell (anosmia), anxiety, depression, and cognitive deficits, especially at advanced stages (Zis et al., 2015; Sauerbier et al., 2016; Schapira et al., 2017) . Motor symptoms are most widely treated pharmacologically with DA replacement therapy in the form of the DA precursor L-DOPA, which can be administered orally with a non-brain penetrant aromatic amino acid decarboxylase inhibitor to allow brainrestricted conversion of L-DOPA to DA and to minimize adverse effects caused by peripheral DA. Most non-motor symptoms are not effectively treated by L-DOPA and deficits in other neurotransmitters in the striatum and other parts of the brain have been implicated, including serotonin, acetylcholine, and norepinephrine (Schapira et al., 2017) . These neurotransmitters are most abundant in brain regions other than the basal ganglia that are also affected in PD, including the dorsal raphe (the largest serotonergic nucleus), the locus coeruleus (the principle noradrenergic nucleus) and the nucleus basalis (rich in acetylcholine). The striatum receives some projections from these areas in addition to the major glutamatergic projections from the cortex and thalamus as well as dopaminergic projections from the substantia nigra.
There are currently no treatments that are proven to slow down PD progression, which is attributed to the continuing loss of neurons, synapses and neurotransmitters. For most cases, the cause of PD remains unknown. The primary risk factor is age, with peak incidence at age 70-79 and greater incidence for males compared to females (Hirsch et al., 2016) . Although historically PD was not thought to have a strong genetic component, numerous genes have been identified in the past two decades with mutations causally linked to PD or with polymorphisms associated with risk of developing PD (Deng et al., 2018) . The identification of human mutations causally linked to inherited forms of PD provided the opportunity to generate genetic PD animal models with the potential to reproduce the spontaneous adult-onset and progressive neurodegeneration characteristics of PD. Loss-of-function mutations in PINK1, Parkin and DJ-1 have been linked to recessively inherited PD and gain-of-function mutations in LRRK2 and -synuclein have been linked to dominantly inherited PD (Polymeropoulos et al., 1997; Kitada et al., 1998; Bonifati et al., 2003; Paisan-Ruiz et al., 2004; Valente et al., 2004; Zimprich et al., 2004) . Although the expression of these genes is not restricted to the nigrostriatal pathway, many studies have suggested they could be important for regulating neurotransmitter release, reuptake or turnover (Goldberg et al., 2003; Goldberg et al., 2005; Kitada et al., 2007; Melrose et al., 2010) .
Preclinical research on Parkinson's disease molecular mechanisms, pathophysiology and therapeutics relies heavily on rodent models of PD. In an effort to obtain better animal models of PD and to accelerate preclinical PD research, the Michael J. Fox Foundation for Parkinson's research has generated over 30 lines of mice and rats with targeted disruption, commonly A C C E P T E D M A N U S C R I P T 4 referred to as gene knockout (KO), or transgenic expression of genes with mutations linked to PD (Baptista et al., 2013) . As part of this effort, rats with targeted disruption of the PD-linked genes PINK1, Parkin, DJ-1 and LRRK2 were generated and the loss-of-function genetic models were systematically characterized at ages 4, 6 and 8 months for locomotor behavior, neurochemistry and neuropathology (Dave et al., 2014) . PINK1 and DJ-1, but not Parkin, KO rats showed locomotor deficits and progressive neurodegeneration with ~50% loss of dopaminergic neurons in the substantia nigra at age 8 months along with a significant increase in total striatal tissue content of DA and serotonin (5-HT) at age 8 months compared to WT rats (Dave et al., 2014) . Here we describe the results of extending the phenotypic characterization of these lines of knockout rats to include in vivo microdialysis to sample neurotransmitters in the striatum of awake and freely moving rats at ages 4, 8 and 12 months. Microdialysis provides a means to measure both basal and stimulated release of neurotransmitters and metabolites with ~10 minute temporal resolution. This widely-used method has been employed for decades to study numerous animal models of Parkinson's disease and other neurological disorders (Di Giovanni et al., 2009 ).
In addition to providing a more rigorous and thorough characterization of these rat PD models, this study was motivated by the need to better understand the earliest stages of PD-related neurodegeneration, where efforts to develop neuroprotective therapies to slow disease progression may be most fruitful. It is widely accepted that substantial neurodegeneration occurs prior to the onset of motor symptoms and, for many patients, the initial symptoms appear months or years before the clinical diagnosis of PD. Multiple lines of evidence indicate that degeneration of axon terminals is one of the earliest stages of PD and that abnormal nerve terminal function precedes the loss of dopaminergic neuronal cell bodies in the substantia nigra (Burke and O'Malley, 2013) . Extrapolation from longitudinal PET imaging studies of PD cases and controls using multiple radioligands to measure nigrostriatal axon terminal integrity suggests that compensatory synaptic adaptations occur at early PD stages (de la Fuente-Fernandez et al., 2011) . Similar studies indicate abnormalities in DA turnover (de la Fuente-Fernandez et al., 2001) . There is also evidence that compensatory synaptic adaptations other than altered DA release or metabolism likely occur in PD (Bezard et al., 2003) . This prompted us to investigate the extent to which any of these KO rats could serve as animal models for studying these phenomena, even in the absence of significant neuronal loss.
Furthermore, postmortem analyses show significantly reduced levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) in the striatum of PD cases compared to controls, which may partly underlie motor and non-motor symptoms (Kish et al., 2008) . Loss of noradrenergic axon terminals has been associated with anxiety and depression symptoms in PD (Remy et al., 2005) . Depression and cognitive deficits in PD have also been linked to degeneration of cholinergic terminals (Bohnen et al., 2007) . Therefore, we sought to determine the extent to which Parkin, PINK1, DJ-1 or LRRK2 KO rats at ages 4, 8 and 12 months have altered basal neurotransmitter levels or potassium-evoked neurotransmitter release as well as alterations in turnover, measured by levels of neurotransmitter metabolites. We used in vivo microdialysis and mass spectrometry to measure striatal levels of DA, the DA metabolites 3,4-dihydroxyphenylacetic (DOPAC) and homovanillic acid (HVA), 5-HT and its metabolite 5-HIAA, as well as other neurotransmitters including acetylcholine (Ach), norepinephrine (NE),
glutamate (Glu) glycine (Gly), and gamma-aminobutyric acid (GABA), which are important for synaptic plasticity at striatal terminals and may also relate to the non-motor symptoms of PD.
Experimental Procedures

Animals
Rats with targeted disruption of Parkin, DJ-1, PINK1 and LRRK2 genes were generated as previously described (Dave et al., 2014) . Rats were maintained on a Long Evans Hooded genetic background from Charles River Laboratories (Crl: LE). Prior to surgery, male wild-type (WT) and knockout (KO) rats were housed 2-3 animals per cage with ad libitum access to food and water and maintained on a 12/12 hour light/dark cycle with lights on at 7 AM. All experiments were standardized for each age and genotype and were conducted in accordance with protocols approved by the Institutional Animal Care and Use Committee of Brains On-Line, LLC and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Sample sizes
Separate cohorts of male WT and KO rats were studied at ages 4, 8 and 12 months. The sample sizes used for analysis were as follows: at age 4 months, n=10 WT, n=10 Parkin KO, n=10 LRRK2 KO, n=10 PINK1 KO, n=9 DJ-1 KO; at age 8 months, n=9 WT, n=10 Parkin KO, n=8 LRRK2 KO, n=10 PINK1 KO, n=9 DJ-1 KO; at age 12 months, n=14 WT, n=10 Parkin KO, n=7 LRRK2 KO, n=11 PINK1 KO, n=11 DJ-1 KO.
Surgeries
Rats were anesthetized using isoflurane (2%, 800 mL/min O 2 ). Bupivacaine/epinephrine was used for local analgesia and carprofen was used for peri-/post-operative analgesia. Anesthetized animals were placed in a stereotaxic frame (Kopf instruments, USA). I-shaped microdialysis probes (polyacrylonitrile membrane; BrainLink, the Netherlands) were inserted vertically into the striatum (STR; 3 mm exposed surface) with the following coordinates for the tips of the probes: posterior (AP) = +0.9 mm to bregma, lateral (L) = -3.0 mm to midline and ventral (V) = -6.0 mm to dura with the toothbar set at -3.3 mm (Paxinos and Watson, 2001) . After surgery, animals were housed individually with food and water ad libitum and maintained on a 12/12 hour light/dark cycle with lights turned on at 7 AM. Dialysates were collected between 10 AM and 4 PM within individual home cages, as described below.
Microdialysis
One day after surgery, microdialysis probes were connected with flexible PEEK tubing to a microperfusion pump (Harvard PHD 2000 Syringe pump, Holliston, MA or similar). Microdialysis probes were perfused with artificial cerebrospinal fluid (aCSF) containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl 2 and 1.2 mM MgCl 2 , at a flow rate of 1.5 µL/min. Microdialysis samples were collected in 20 minute periods by an automated fraction collector (820 Microsampler, Univentor, Malta) into 300uL polystyrene mini-vials already containing 10 µL 0.02 M formic acid (FA) and 0.04% ascorbic acid in ultrapurified H 2 O. Four basal samples were collected before the perfusion solution was switched to aCSF containing 60 mM KCl (90 mM NaCl, 60 mM KCl, 1.2 mM CaCl 2 , and 1.2 mM MgCl 2 ). Infusion of high potassium aCSF was continued for 60 min. After 60 min, the perfusion solution was switched back to aCSF and
samples were collected for an additional 120 minutes. All the dialysis samples were stored at -80 °C until analysis by mass spectrometry (MS) using established methods essentially as previously published and described in detail below (Giorgetti et al., 2010; DeKorver et al., 2017) . Following experimentation, rats were sacrificed, and brains were harvested and analyzed for probe placement verification. Tail biopsies were collected and analyzed for genotype verification.
Analysis of neurotransmitters and metabolites
Acetylcholine: Samples (10 µl) were mixed with 4 µl internal standard (acetylcholine-d9) and 5 µl of the mixture was injected into the HPLC-MS/MS system by an automated sample injector (SIL-20ACHT, Shimadzu, Japan). Chromatographic separation was performed on an ion exchange (150 x 2.1 mm, 5 µm) analytical column (Thermo Scientific BioBasic SCX, keystone, USA) held at a temperature of 30º C. Components were separated using a linear gradient of 15 mM ammonium acetate and 10 mM ammonium formate to 2 mM ammonium formate in acetonitrile (ACN)/ultrapurified H 2 O (80/20 %v/v) (pH = 4.0; flow rate 0.3 mL/min). The flow of the LC was directed to the MS from 2.5 to 5.2 minutes of the run for detection of acetylcholine (post column make up flow 50 µL/min (acetonitrile/0.1% FA)). MS analyses were performed using an API 4000 MS/MS system consisting of an API 4000 MS/MS detector and a Turbo Ion Spray interface (both from AB Sciex, USA). The acquisitions were performed in positive ionization mode, with ion spray voltage set at 4.5 kV with a probe temperature of 450º C. The instrument was operated in multiple-reaction-monitoring (MRM) mode. Data were calibrated and quantified using the Analyst data system (Applied Biosystem, version 1.4.2).
Glutamate, glycine, GABA, norepinephrine, dopamine and serotonin:
Samples (20 µl) were mixed with 4 µl internal standard (deuterated version of the respective analytes) and were derivatized with SymDaq automatically in the autosampler (SIL-10ADvp, Shimadzu, Japan), by addition of 30 µL of reagent into the sample vial. After a reaction time of 2 minutes 45 µl of the mixture was injected into the LC system by an automated sample injector (SIL-10ADvp, Shimadzu, Japan). Chromatographic separation was performed on a reversed phase Phenomenex Synergi max-RP 3.0 * 100 mm, particle size: 2.5 μm (Phenomenex, USA) held at a temperature of 35º C. Components were separated using a linear gradient of mobile phase B consisting of 70 % ACN, 30 % ultrapurified H 2 O and 0.1%FA and mobile phase A which consisted of 99.7 % ultrapurified H 2 O, 0.2 % ACN and 0.1% FA at a flow rate 0.35 ml/min. The flow of the LC was diverted to the waste for 3.9 minutes, after which it was switched to the MS for detection of the neurotransmitters. MS analyses were performed using an API 4000 MS/MS system consisting of an API 4000 MS/MS detector and a Turbo Ion Spray interface (both from Applied Biosystems, USA). The acquisitions were performed in positive ionization mode, with ion spray voltage set at 3 kV with a probe temperature of 200ºC. The instrument was operated in multiple-reaction-monitoring (MRM). The collision gas (nitrogen) pressure was held at 2 psig. Data were calibrated and quantified using the Analyst data system (Applied Biosystem, version 1.4.2).
DOPAC, HVA and 5-HIAA: 5 µl of dialysate was mixed with 19 µl internal standard and injected into the LC system (Agilent infinity binary pump 1290, USA) by an automated sample injector (CTC, PAL Switzerland). The analytical column used for separation was a Luna C18(2)-HST 100 x 3.0 mm, particle size: 2.5
micron (Phenomenex, USA). Components were separated using a linear gradient of ACN/0.1% FA in ultrapurified H 2 O/ACN 99.8/0.2 + 0.1% FA 5 mM ammonium formate (flow rate 0.3 ml/min). MS analyses were performed using an API 5500 MS/MS QTrap system consisting of an API 5500 MS/MS detector and a Turbo Ion Spray interface (both from Applied Biosystems, USA). The acquisitions were performed in negative ionization mode, with ion spray voltage set at -4.5 kV with a probe temperature of 500ºC. The instrument was operated in multiple-reactionmonitoring (MRM). The collision gas (nitrogen) pressure was held at the medium setting. Data were calibrated and quantified using the Analyst data system (Applied Biosystems, version 1.5.2).
Data analysis
Neurotransmitter/metabolite concentrations were calculated based on deuterated internal standards that were added to each sample, as described above. For each animal, baseline neurotransmitter levels were calculated as the mean of the first 4 samples collected (designated as time points -60, -40, -20 and 0 minutes prior to switching the aCSF in the perfusate from 3 mM to 60 mM KCl). Potassium-evoked neurotransmitter levels were calculated as the sum of the baseline-normalized area under the curve (AUC) for the 3 samples collected 20, 40 and 60 minutes after switching the perfusate from 3 mM to 60 mM KCl.
Statistical analysis
Statistical analysis was performed using GraphPad Prism software (version 7.0). All data were normally distributed according to both the Shapiro Wilk normality test and the D'Agostino and Pearson's normality test, except for basal glutamate, which was log transformed to yield a normal distribution. All data were determined to have equal variances using the Brown-Forsythe test, except for post-potassium GABA prior to log transformation. Means were compared using 2-way ANOVA, with age and genotype as factors. Neurotransmitter levels of each genotype were compared to WT at each age and Dunnett's multiple comparisons test was used to determine significance. For comparisons between each age within genotypes, the arithmetic mean of each age group was compared to every other age group and Tukey's multiple comparisons test was used to determine significance. Prism adjusted p values (taking into account multiple comparisons of genotypes and ages) less than 0.05 were considered statistically significant.
Results
In vivo microdialysis was used to sample extracellular levels of neurotransmitters in the dorsal striatum of awake and freely moving WT and KO rats at ages 4, 8 and 12 months. We first examined basal levels of neurotransmitters and metabolites in each line of KO rats relative to WT control rats at each age. The day after the microdialysis probe was surgically implanted, aCSF was perfused through the probe at a flow rate of 1.5 µL/minute and perfusate samples were continuously collected over 20-minute periods. Frozen perfusate samples were subsequently analyzed by mass spectrometry and compared to internal standards to determine the concentration of each analyte. The values from four consecutive samples were averaged to obtain the basal level for each rat, then the means for each genotype were compared to WT controls. 2-way ANOVA with age and genotype as factors showed a main effect of genotype for DA [F(4, A C C E P T E D M A N U S C R I P T Tukey's multiple comparisons test was used for pairwise comparisons of basal levels among the different age groups of each line. As shown by the pound signs in Figure 1 , age-dependent changes were found in the levels of DA, Glu, Ach, DOPAC and HVA (Figure 1 A-E respectively). PINK1 KO rats had decreased DA and Ach at age 12 months compared to 4 months, as well as decreased Glu at 4 months compared to 8 and 12 months (Figure 1 A-C) . The levels of DA and Ach in PINK1 KO rats at age 8 months were intermediate and not significantly different compared to 4 months or 12 months. Parkin KO rats showed a decrease in DOPAC and HVA at age 12 months compared to 8 months ( Figure 1D, E) , as well as a decrease in HVA at 12 months compared to 8 months of age. LRRK2 KO rats showed a similar decrease in HVA at age 12 months compared to 4 months ( Figure 1E ). The only significant age-dependent changes observed for WT rats was Glu, which was significantly higher at age 12 months compared to 4 and 8 months. All other neurotransmitters tested showed no changes with respect to age in any of the animal models in this study.
Pairwise comparisons between WT and mutant rats using Dunnett's multiple comparisons test showed a significant increase in basal Glu in PINK1 KO rats compared to WT rats at age 8 months ( Figure 1B ; asterisk p  0.05). Notable trends were also observed with PINK1 KO rats for an increase in HVA at 4 months (p= 0.073) and an increase in Gly at 8 months (p= 0.057) compared to WT rats of the same age. Appendix A lists the mean +/-SEM basal levels of Gly, 5-HT, 5HIAA, NE and GABA, which showed no significant differences between ages or between WT and KO rats.
After collecting samples for measuring basal levels, neurotransmitter release was assessed by switching the perfusate to aCSF containing 60 mM KCl for 60 minutes to induce release of synaptic vesicles, then the perfusion solution was switched back to aCSF containing 3 mM KCl and samples were collected for an additional 120 minutes. For all rats, the infusion of high potassium induced substantial increases in extracellular neurotransmitter levels compared to baseline and decreases in metabolites, as expected from previous studies (Stanford et al., 2000) . Neurotransmitter release was quantified as the area under the curve (AUC) of the percent basal levels for the first 3 microdialysate samples collected 0-20, 20-40 and 40-60 minutes after switching to high potassium. 2-Way ANOVA with genotype and age as factors showed a main effect of genotype for Ach [F(4, 128) Age-dependent changes in neurotransmitter release were evaluated using Tukey's multiple comparisons test. PINK1 KO rats showed significant perturbations in release of multiple neurotransmitters following potassium infusion. PINK1 KO rats showed a significant increase in DA release at 8 months compared to 4 months (Figure 2A ), a significant decrease in Glu release at 12 months compared to 4 months ( Figure 2B) , and a significant increase in Ach release at 12
A C C E P T E D M A N U S C R I P T
9 months compared 4 months ( Figure 2C ). PINK1 KO rats also showed a significant decrease in GABA release at 12 months compared to 8 months ( Figure 2E ). We observed significant decreases in extracellular 5-HIAA in LRRK2 KO rats at 8 months and 12 months compared to age 4 months ( Figure 2D ). We found a significant increase in Gly release in Parkin KO rats at 12 months compared 4 and 8 months ( Figure 2F ). It should be noted that while WT rats showed no age-dependent changes in potassium evoked release in all other neurotransmitters, there was a decrease in Glu release at 12 months compared to both 4 and 8 months ( Figure 2B ).
Pairwise comparisons using Dunnett's multiple comparison test showed that DJ-1 KO rats had decreased Glu release at 8 months ( Figure 2B ) and increased Ach release at both 4 and 8 months compared to age matched WT rats ( Figure 2C ). Parkin KO rats at age 12 months showed an increase in potassium-evoked Gly compared to WT rats ( Figure 2F ). Although 2-way ANOVA showed a main effect of genotype for NE, there was not a significant main effect of age or interaction between age and genotype and Dunnett's multiple comparisons test showed no significant differences between WT and any of the KO rats at any age. Appendix B lists the mean +/-SEM potassium evoked levels of NE, 5-HT, DOPAC and HVA, which showed no significant differences between ages or between WT and KO rats.
Discussion
Much of our understanding of the time course of neurodegeneration in PD is inferred from imaging studies and from postmortem examination of PD brains. Based on these studies and substantial research on PD animal models, it is presumed that loss of dopaminergic projections to the striatum precedes the loss of neurons in the substantia nigra that is observed at the end stage of disease (Burke and O'Malley, 2013; O'Keeffe and Sullivan, 2018) . Even prior to frank loss or degeneration of nerve terminals, abnormal synaptic function is likely. Therefore, we sought to determine if rats with disruption of these PD-linked genes develop defects in basal or potassiumevoked striatal neurotransmitter release even prior to significant nigral cell loss, which has previously been shown to occur in PINK1 and DJ-1 KO rats at age 8-9 months (Dave et al., 2014; Villeneuve et al., 2016) . PINK1 KO rats showed more age or genotype-dependent neurotransmitter differences than Parkin, DJ-1 or LRRK2 KO rats. Unlike Parkin, DJ-1 or LRRK2 KO rats, PINK1 KO rats showed significant age-dependent differences in both basal DA levels and potassium-evoked DA release. The significant decrease in basal striatal DA in 12-month-old PINK1 KO rats ( Figure  1A ) is consistent with the significant age-dependent decrease in dopaminergic neurons in the substantia nigra previously reported for this line (Dave et al., 2014; Villeneuve et al., 2016) . The significant increase in potassium-evoked striatal DA release we observed for PINK1 KO rats at age 8 months ( Figure 2A ) aligns with the increase in striatal DA tissue content previously reported for PINK1 KO rats at age 8 months (Dave et al., 2014) . This surprising increase in evoked striatal DA release could be an indication of compensatory adaptations at nigrostriatal synapses in response to neurodegeneration, as has been proposed to explain the appearance of clinical PD symptoms only after a large proportion of nigrostriatal synaptic terminals are lost (Zigmond et al., 1990) . Failure of such compensatory mechanisms with advancing neurodegeneration could explain why this was observed at age 8 but not 12 months (Figure 2A) .
A C C E P T E D M A N U S C R I P T
In addition to dysregulation of striatal DA, PINK1 KO rats also showed age-dependent abnormalities in basal glutamate ( Figure 1B ) and acetylcholine ( Figure 1C ). Contrary to the simple model in which DA release in the striatum is controlled solely by firing of action potentials originating at the soma of nigral dopaminergic neurons, DA release at presynaptic terminals in the striatum is also regulated by acetylcholine and glutamate, which are proposed to exert more local control or "fine-tuning" of DA release (Cachope and Cheer, 2014) . Moreover, optogenetic studies demonstrate that glutamatergic input to the dorsal striatum from the cortex and thalamus drives striatal DA release via ionotropic glutamate receptors on striatal cholinergic interneurons, which activate nicotinic acetylcholine receptors on DA axons (Kosillo et al., 2016) . Further studies would be needed to determine the extent to which the alterations in glutamate and acetylcholine are a cause of DA dysfunction or an adaptation to the basal or evoked DA abnormalities in PINK1 KO rats. It is important to note that WT rats unexpectedly showed increased basal glutamate at age 12 months ( Figure 1B) , as well as decreased potassium-evoked release at age 12 months ( Figure 2B ) to levels comparable to 12-month old PINK1 KO rats, yet WT rats showed no changes in basal DA ( Figures 1A, 2A ). This would argue against the increased basal glutamate being a cause of the decrease in basal DA in 12-month old PINK1 KO rats. In either case, it has been proposed that altered coupling between glutamatergic and dopaminergic firing at nigrostriatal synapses could play a role in PD-related neurodegeneration via over-activation of glutamate receptors or metabolic stress (Calabresi et al., 1997) . A recent imaging and biochemical analysis of PINK1 KO rats revealed altered glutathione and ATP in various brain regions including striatum, suggesting that our observation of multiple neurotransmitter alterations in PINK1 KO rats at baseline ( Figure 1A -C) and upon high potassium stimulation (Figure 2A -C, E) are part of a broader set of neurobiological abnormalities resulting from PINK1 deficiency (Ferris et al., 2018 ).
Parkin KO rats had significantly decreased baseline levels of the DA metabolites DOPAC and HVA at age 12 months ( Figure 1D-E ) and what appears to be a similar decrease in DA at age 12 months ( Figure 1A ), but the decrease in DA was not statistically significant. The decreases in DOPAC and HVA could be due to decreases in both DA synthesis and metabolism, resulting in almost normal steady-state DA levels but decreased DA metabolites. By contrast, DA turnover is thought to be increased in early PD as a compensatory mechanism within the striatum (Zigmond, 1997) . The baseline level of glycine was normal in Parkin KO rats; however, 12-month-old Parkin KO rats showed significantly greater potassium-evoked release of glycine compared to WT controls at age 12 months and compared to Parkin KO rats at ages 4 months and 8 months ( Figure 2F ). Glycinergic neurons are predominantly located in the spinal cord, cerebellum and brainstem and project widely to many areas including the striatum, but more to the thalamus and basal forebrain (Zeilhofer et al., 2005) . Glycine is an NMDA receptor co-agonist and binding at the glycine site is required, together with glutamate, for full activation of NMDA receptors. In addition to the above-mentioned coupling of glutamatergic and dopaminergic firing at nigrostriatal synapses, NMDA receptors in particular are regulated by a multitude of highly complex mechanisms that are important for basal ganglia function, which has fueled efforts targeting NMDA receptors for PD therapeutic development (Hallett and Standaert, 2004) . Because excessive activation of NMDA receptors could cause excitotoxicity, most studies have focused on NMDA receptor antagonists, which have shown some promise in PD animal models (Hallett and Standaert, 2004) . This suggests that Parkin KO rats could be more vulnerable to A C C E P T E D M A N U S C R I P T 11 excitotoxicity due to the increased potassium-evoked release of the co-agonist glycine at age 12 months. Alternatively, the increased glycine release could help Parkin KO rats maintain normal basal ganglia function by compensating for other synaptic defects. In support of this, Parkin KO rats at age 2 months were shown to have decreased striatal trace amine-associated receptor 1 and D2 dopamine receptor levels, which were interpreted as potential compensatory changes to maintain normal striatal DA, DOPAC and HVA (Gemechu et al., 2018) .
LRRK2 KO rats showed decreased basal HVA at age 12 months compared to ages 4 months and 8 months ( Figure 1E ) and decreased potassium-evoked 5-HIAA at ages 12 months and 8 months, compared to age 4 months ( Figure 2D ). This suggests age-dependent decreases in DA and serotonin turnover. DJ-1 KO rats showed no age-dependent changes and no basal neurotransmitter defects, however, DJ-1 KO rats had significantly less potassium-induced glutamate release at age 8 months ( Figure 2B ) and significantly greater acetylcholine release at ages 4 months and 8 months ( Figure 2C ) compared to WT control rats at the same ages. It is possible that the apparent differences in stimulated neurotransmitter release in DJ-1 KO rats compared to WT rats is due to altered reuptake rather than release, as has been shown for DJ-1 KO mice (Goldberg et al., 2005) .
Overall, we observed significant differences between KO and WT or between ages for each of the ten neurochemicals except NE and 5-HT. The lack of any changes in 5-HT is surprising given the significant increase in total striatal tissue content of 5-HT previously observed in 8-month, but not 4 or 6-month old PINK1 KO rats compared to WT (Dave et al., 2014) . Nevertheless, the lack of any differences in NE and 5-HT is consistent with the much lower levels of NE and 5-HT in the striatum compared to the other eight neurochemicals measured. Moreover, our study was limited to the striatum and it remains possible that we would have observed significantly altered NE or 5-HT in other brain regions. This might be expected based on PET imaging studies that show much greater reductions of 5-HT transporter radioligand binding in more rostral brain regions, such as cingulate cortex, relative to the striatum in early PD patients compared to normal controls (Albin et al., 2008) . Likewise, ELISA analysis showed NE was significantly decreased in the locus coeruleus and increased in the substantia nigra of 8 month old PINK1 KO rats compared to WT, while levels of NE in the striatum were below the limit of detection (Kelm-Nelson et al., 2018) .
The significant differences observed here should be interpreted with some caution because, although the p-values were adjusted for multiple comparisons for both the Dunnett's test (for comparisons of each genotype to WT) and the Tukey's test (for comparisons among all the ages within each genotype), no correction was made for testing ten different neurotransmitters/metabolites from each sample. Correcting for this is complicated by the lack of complete independence of the values measured for neurotransmitters and their metabolites, as well as some shared enzymatic pathways for biosynthesis and degradation (for example DA and NE share three biosynthetic enzymes). If one makes the extreme assumption that the level of each neurotransmitter/metabolite is completely independent, thus providing an independent test of the null hypothesis, then there are 120 independent comparisons to WT rats (10 neurotransmitters x 3 ages x 4 genotypes compared to WT) and 150 independent comparisons for age-dependence (10 neurotransmitters x 5 genotypes with 3 comparisons between ages). If the threshold for statistical significance is set at p < 0.05, the number of significant differences A C C E P T E D M A N U S C R I P T expected by chance would be 6 (comparisons with WT) and 7.5 (comparisons between ages). This is close to the observed numbers of 1 (Figure 1 ) and 4 (Figure 2) significant differences compared to WT and 11 ( Figure 1 ) and 10 (Figure 2) significant differences between ages. Nevertheless, PINK1 KO rats had 9 significant neurotransmitter abnormalities as well as trends for abnormalities in basal glycine (multiple comparison adjusted p = 0.0570) and HVA (adjusted p = 0.0730) compared to age-matched WT rats, which suggests PINK1 KO rats may have more unequivocal synaptic defects compared to the other lines, which had 6, 4 and 3 neurotransmitter abnormalities for Parkin, LRRK2, and DJ-1 KO rats, respectively. It should also be noted that human mutations in Parkin, DJ-1 and PINK1 that are causally linked to PD are loss-of-function mutations, however, PD-linked mutations in LRRK2 are more consistent with gain-of-function mutations and LRRK2 KO rats may not reproduce the effects of these mutations. In line with our analysis of LRRK2 KO rats, a similar microdialysis study of LRRK2 KO mice found no abnormalities in basal or potassium-evoked DA release (Hinkle et al., 2012) .
Because the genetic evidence linking mutations in these genes to PD is unequivocal, greater abnormalities in basal or evoked neurotransmitter levels or turnover might be expected from this study, particularly from the KO rats that model loss-of-function mutations linked to PD. However, the time resolution of microdialysis is limited to the order of minutes and our results do not exclude the possibility that more robust abnormalities occur at sub-second time scales detectable by methods with greater temporal resolution, such as fast scan cyclic voltammetry or electrophysiology. These methods have been used to identify significant abnormalities in DA axon terminal function in PINK1, Parkin and DJ-1 KO mice even in the absence of nigral cell loss (Goldberg et al., 2003; Goldberg et al., 2005; Kitada et al., 2007; Kitada et al., 2009a; Kitada et al., 2009b; Oyama et al., 2010; Beccano-Kelly et al., 2015; Maas et al., 2017) . It is also possible that subtle neurotransmitter release abnormalities could go undetected using microdialysis with high potassium, which depolarizes all cells and stimulates the release of synaptic vesicles nonspecifically.
The precise mechanisms by which mutations in Parkin, PINK1, DJ-1 and LRRK2 cause human PD remain uncertain. Many studies indicate that Parkin and PINK1 function in the same biochemical pathway to target dysfunctional mitochondria for degradation and thereby protect against oxidative stress and inflammation (Narendra et al., 2012; McLelland et al., 2014; Sliter et al., 2018) . DJ-1 is also neuroprotective against oxidative stress (Biosa et al., 2017) . PD-linked point mutations in LRRK2 are associated with increased kinase activity (West, 2017) . Proteomic studies have identified Rab GTPases as substrates for LRRK2 kinase activity as well as substrates for PINK1 kinase activity, which suggests another common pathway related to PD (Lai et al., 2015; Steger et al., 2016) . Multiple Rab GTPases have been identified as substrates for PINK1, LRRK2 or both, and several are known to regulate synaptic vesicle exocytosis, endocytosis or recycling, as well as neurotransmitter receptor endocytosis or recycling (Ng and Tang, 2008; Lai et al., 2015; Clague and Rochin, 2016; Steger et al., 2016) . It is possible that altered phosphorylation of one or more Rab GTPases could underlie the neurotransmitter abnormalities identified in the KO rats studied here by microdialysis. The results of this study support the utility of these KO rats for testing this and other mechanisms related to PD pathogenesis, progression or therapeutic development. Appendix A. Neurotransmitters and metabolites with no significant differences between WT and KO or between ages in basal levels 
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Highlights:
 PD-linked mutations alter basal and evoked neurotransmitters in rat striatum  PINK1 KO rats have more abnormalities compared to Parkin, DJ-1 and LRRK2 KO rats  Only PINK1 KO rats have age-dependent abnormalities in basal and evoked dopamine ACCEPTED MANUSCRIPT Figure 1 Figure 2
